The aerosol chamber AIDA was used as a moderate expansion cloud chamber with cooling rates at the onset of ice nucleation between -1.3 and -3.0 K min −1 to investigate the nucleation and growth of ice crystals in sulphuric acid, ammonium sulphate, and mineral dust aerosols at temperatures between 196 and 224 K. Supercooled sulphuric acid droplets with mean diameters of about 0.2 to 0.3 µm nucleated ice by homogeneous freezing at RH ice increasing from 144 to 166 % with temperatures from 220 and 196 K. This is in good agreement both with previous results of AIDA experiments and literature data. In contrast, ammonium sulphate particles of similar size nucleated ice at the significantly lower RH ice of 120 to 127 % in the same temperature range. Fourier-Transform infrared (FTIR) extinction spectra of the aerosol revealed that the ammonium sulphate particles, mainly consisted of the liquid phase. The number concentration of ice crystals formed during the homogeneous freezing experiments agree well with model results from the literature. Higher ice crystal number concentrations formed during the ammonium sulphate, compared to the sulphuric acid experiments, can be explained by the also somewhat higher cooling rates at ice nucleation. Deposition ice nucleation on mineral dust particles turned out to be the most efficient ice nucleation mechanism both with respect to RH ice at the onset of ice nucleation (102 to 105 % in the temperature range 209 to 224 K) and the ice crystal number concentration. Almost all mineral dust particles nucleated ice at the lower temperatures. 
Introduction
Cirrus clouds may either form via homogeneous or heterogeneous freezing of aerosol particles or via a combi- HEYMSFIELD and MILOSHEVICH, 1993; JENSEN et al., 1998; MARTIN, 2000; KOOP et al., 2000; FIELD et al., 2001; MÖHLER et al., 2003) . Based on laboratory experiments, KOOP et al. (2000) provided a water activity based parameterisation for the homogeneous freezing of supercooled solution droplets, which was confirmed by detailed measurements in ice clouds formed by homogeneous freezing of sulphuric acid solution droplets at the aerosol chamber AIDA of Forschungszentrum Karlsruhe (MÖHLER et al., 2003; HAAG et al., 2003a) . Using the freezing nucleation rates of KOOP et al. (2000) , KÄRCHER and LOHMANN (2002a,b) developed a microphysical parameterisation of the homogeneous freezing of supercooled solution droplets, showing that the ice crystal number density in cirrus clouds can mainly be described as function of updraft velocity (i.e. the cooling rate) and temperature. They also stated that enhanced number concentrations of sulphate aerosols, occurring e.g. after volcanic eruptions, would not influence significantly the process of cirrus formation and therefore the relationship between aerosol and ice particle number concentrations in homogeneously formed cirrus clouds would be much weaker than in liquid water clouds.
Heterogeneous freezing of particles containing an insoluble inclusion occurs at ice supersaturations significantly below the pure homogeneous freezing threshold. HAAG et al. (2003b) showed, based on in situ measurements of RH ice in and outside of cirrus clouds (OVARLEZ et al., 2002) , that in parts of the polluted northern hemisphere cirrus clouds are formed via the heterogeneous pathway, but that homogeneous ice nuclei are also involved. There are several laboratory and field studies investigating the heterogeneous freezing of water on soot coated with sulphuric acid (DEMOTT et al., 1999) , mineral dust (DEMOTT et al., 2003) , mineral dust immersed in aqueous ammonium sulphate particles (ZUBERI et al., 2002) , crystallised ammonium sulphate (ZUBERI et al., 2001) , as well as the ice nucleation on flame soot aerosol of different organic carbon content (MÖHLER et al., 2005, this issue) . These studies show the temperature and RH ice dependence of the freezing process for the various types of aerosol particles. HUNG et al. (2003) found that the heterogeneous ice nucleation rates of ammonium sulphate solution droplets with a mineral dust core depend, beside temperature and ice supersaturation, on the diameter of the immersed mineral particle. KÄRCHER and LOHMANN (2003) provided a microphysical parameterisation of the heterogeneous ice nucleation in the immersion mode. For intermediate updraft velocities they found a strong aerosol effect on cirrus properties, probably also affecting the radiative properties of cirrus clouds and thereby indirectly affecting the climate. The presence of two types of ice nuclei during ice formation and growth, differing distinctly by their freezing thresholds, would lead to a lower ice crystal concentration. This is due to competition of the two types of ice nuclei for the available water vapour during the growth phase.
Up to now there are only few field studies examining the factors controlling the ice nucleation processes and the resulting frequency of cirrus cloud occurrence and their optical properties. From the INCA field campaign in the northern and southern hemisphere in 2000 a first insight into the ice formation processes is gained (OVARLEZ et al., 2002; HAAG et al., 2003b) . The CRYSTAL-FACE field campaign in 2002 provided a comprehensive dataset for the characterisation and description of the cirrus cloud formation (see http://cloud1.arc.nasa.gov/crystalface/index.html). But, additional investigations of the relationship between aerosols and cirrus clouds, especially with respect to ice nucleation and crystal properties are of high interest.
Here, we present results of detailed laboratory measurements of homogeneous and heterogeneous ice nucleation, performed at the aerosol chamber AIDA under simulated atmospheric cirrus conditions. The experiments were conducted at temperatures between 224 and 196 K, using FTIR extinction spectroscopy to determine microphysical parameters of the ice clouds. Sulphuric acid and ammonium sulphate solution droplets were used during homogeneous ice nucleation experiments, while mineral dust particles (Arizona Test Dust) served as nuclei for heterogeneous ice formation. In this paper we first focus on describing our experimental methods. Thereafter, we show the influence of temperature and cooling rate on characteristic parameters of the formed ice clouds, especially the ice water content, the ice crystal number concentration, and mean crystal size for the different types of aerosols. Differences between the freezing relative humidities of the different aerosol types are also discussed.
Experimental

AIDA Aerosol and cloud chamber facility
The AIDA aerosol chamber is a large vessel of 84 m 3 volume which can homogeneously be cooled down to 183 K. The pressure range covers 0.1 to 1000 hPa. Under constant wall and gas temperature conditions, ice saturation is maintained by a thin ice layer on the chamber walls. The ice supersaturation necessary for the homogeneous or heterogeneous nucleation of ice crystals is achieved by 'volume expansion' due to controlled pumping, usually from 1000 to 800 hPa. During pumping the relative humidity with respect to ice (RH ice ) increases by up to 50 % min −1 . The onset of ice formation is precisely detected by measuring the increasing intensity and depolarisation of Figure 1 : FTIR spectra monitoring the in situ neutralisation of supercooled H 2 SO 4 /H 2 O solution droplets by the addition of NH 3 (g) at a temperature of 212 K (indicated by the arrow between the two lower spectra). left: complete spectrum, CO 2 (g) absorption regime omitted, right: zoom from 2000-900 cm −1 . The spectra are offset for clarity. A reference spectrum of crystalline ammonium sulphate particles (uppermost spectrum), added to the AIDA chamber at 224 K, is shown for comparison. Additional arrows (in combination with labels) are used to assign the characteristic extinction bands in the aerosol spectra.
laser light back-scattered by the growing ice particles with high sensitivity and a time resolution of 1 Hz (for a detailed description see MÖHLER et al., 2003) . The Lyman-α-fluorescence hygrometer FISH (ZÖGER et al., 1999 ) is used to measure the total water concentration (gas phase + condensed phase) at a time resolution of about 1 Hz. Its overall accuracy is about 6 % with a water vapour detection limit of about 0.02 Pa at 1000 hPa total pressure. Simultaneously, the water vapour concentration in the AIDA vessel is measured in situ at 1370 ±2 nm by a tunable diode laser (TDL) absorption spectrometer. The laser, which is located outside the thermostated housing, is coupled by an optical fibre to a White multipath cell with 82 m optical path length, permanently installed inside the AIDA vessel. This system provides a time resolution of about 1 Hz, an accuracy of 5-10 %, and a resolution in the H 2 O(g) mixing ratio of up to 15 ppb. It will be described in detail elsewhere (EBERT et al., 2004) . The data evaluation procedures used are similar to earlier in situ TDL spectrometers, which were developed e.g. for a sampling-free detection of gaseous O 2 in multi-phase water sprays (SCHLOSSER et al., 2002) , CO in power plants (TEICHERT et al., 2003) , or simultaneous in situ measurements of stratospheric CH 4 and H 2 O (GURLIT et al., 2005) .
The water vapour saturation pressures and RH ice are calculated from the water vapour and temperature measurements, using ice saturation vapour pressures according to MARTI and MAUERSBERGER (1993) . Main sources of the RH ice uncertainty result from temperature inhomogeneities, mainly due to internal heat sources (e.g. the heated sampling tube for the total water measurements) and incomplete mixing during strong pumping. These uncertainties are ± 0.1 K at constant p and T conditions and less than ± 0.3 K during expansions. The overall error for RH ice is estimated to range between 6 and 10 % of the actual RH value.
Ice particle number concentrations and mean sizes are retrieved from FTIR extinction spectra. In section 2.4 a detailed description of the FTIR measurements is given. Number concentrations and optical diameters of growing ice crystals are also determined with two optical particle spectrometers (PCS2000 and WELAS, Palas). The total aerosol number concentration is measured with a condensation particle counter (CNC3010, TSI), slightly modified for operation at reduced sampling pressures (SEIFERT et al., 2004) . The estimated error for the PCS2000 is 30 % and for the CNC3010 20 %. For a more detailed description of the instrumentation, error estimation, and the methods of AIDA ice nucleation experiments see MÖHLER et al. (2003) .
Aerosol generation
The sulphuric acid (SA) aerosol particles are generated by saturating a synthetic air flow (7 l min −1 ) at 120 • C with sulphuric acid. Binary droplets of sulphuric acid and water nucleate upon cooling of the air/sulphuric acid mixture while passing it through a stainless steel connection tube between the saturator and the AIDA chamber. The size distribution of the added aerosol closely fitted log-normal distributions with a count median diameter between 0.2 and 0.3 µm. Aerosol number concentrations were about 12000 cm −3 after addition to the AIDA vessel was completed. total water gas phase water sat_ice_gas sat_ice_wall RH,ice ice water content (FISH−TDL) ice water content (FTIR) ice particle median diameter ice particle number conc.
Figure 2:
Time series of an AIDA ice nucleation experiment with sulphuric acid aerosol at 224 K; upper panel: total pressure, gas and wall temperature in the AIDA chamber; middle panel: water vapour pressure of gas phase water, ice saturation pressure with respect to gas and wall temperature as well as the relative ice saturation; lower panel: water vapour mixing ratio of gas phase water, ice saturation with respect to wall temperature as well as the ice water content retrieved from FISH-TDL data and from FTIR spectra, and ice crystal number concentration and median diameter; the black vertical line is indicating the onset of freezing.
To form deliquesced ammonium sulphate (AS) particles, the supercooled SA solution droplets are neutralised in situ by the addition of gaseous ammonia. After complete neutralisation to ammonium sulphate, its gas phase absorption features becomes visible in the FTIR spectra ( Fig. 1, right) . As pointed out by ZUBERI et al. (2001) , the exact phase of the ammonium sulphate particles, i.e. entirely deliquesced particles or an externally mixed aerosol containing small amounts of crystalline (NH 4 ) 2 SO 4 , is a crucial parameter when analysing ice freezing experiments. Recently, COLBERG et al. (2003) provided a model to predict the physical state of atmospheric H 2 SO 4 /NH 3 /H 2 O aerosol particles. The efflorescence relative humidity (ERH: relative humidity at which the crystallisation process starts inside the deliquesced liquid particles) for deliquesced AS particles ranges between 35 and 40 % in the respective temperature range of our experiments. During the generation of the AS aerosol in the AIDA chamber, the relative humidity was constantly well above the ERH value. From the infrared spectrum of a representative AS aerosol sample, shown in Figure 1 (a neutralisation at T = 212 K), we can clearly identify the presence of condensed water due to the appearance of the spectral shoulder at about 3400 cm −1 (Fig. 1, left) , attributable to the O-H stretching regime of liquid water (CZICZO and ABBATT, 1999) . Figure 1 , right, shows an expanded view of the 2000-900 cm −1 region. As a result of the low signal-to-noise ratio, it is futile to explore spectral details on the shape of the sulphate extinction band at 1100 cm −1 or the 1420 cm −1 ammonium peak, as demonstrated by , to identify small amounts of crystalline (NH 4 ) 2 SO 4 . Hence, there is evidence that the AS aerosol may have been deliquesced during the ice nucleation experiments, but an uncertainty regarding the presence an externally mixed aerosol containing small amounts of crystalline (NH 4 ) 2 SO 4 is left.
The mineral dust aerosol particles are generated by dispersing a sample of Arizona Test Dust (Powder Technology Inc., USA) in a brush generator, piping it through a dispersion nozzle and adding it to the chamber. The size distribution of the added dust aerosol covered the range from 0.1 to 1.5 µm with a count median diameter of about 0.5 µm. The number concentrations were about 500 to 700 cm −3 . This dust aerosol is composed of a mixture of different minerals, mainly silicates, calcite, and clay minerals.
In successive ice nucleation experiments at the same temperature level, N ptcl decreases because no further aerosol is added to the chamber. The decrease is mainly caused by the evacuations of the chamber during the ice nucleation experiments and, to a lesser extent, due to continuous sedimentation of larger aerosol particles. Figure 2 shows the most important parameters characterising a typical ice nucleation experiment in the AIDA chamber. At the beginning of an experiment the pressure p and the gas temperature T are constant (∼1000 hPa and ∼225 K, ∼211 K, ∼200 K for the respective experiments at different temperature levels). The partial pressure of water vapour e gas (Fig. 2 , middle panel, blue curve) is controlled by the saturation vapour pressure over ice of the slightly colder ice coated walls e sat ice wall (Fig. 2, middle panel, black curve) . With the start of pumping (see Fig. 2 , upper panel, for the time evolution of pressure, gas, and wall temperature), e gas starts to decrease almost linearly with the decreasing total pressure. Due to the expansion cooling, the ice saturation pressure e sat ice gas (Fig. 2 , middle panel, green curve) steeply decreases with decreasing gas temperature and therefore the relative humidity with respect to ice RH ice increases (Fig. 2 , middle panel, orange curve). As soon as RH ice exceeds the critical ice saturation RH ice nuc , ice particles begin to form.
Typical ice nucleation experiment
Because the wall temperature remains almost constant during the expansion, there is an increasing difference between e sat ice wall and e gas , causing a continuous flux of water vapour from the ice layer on the wall into the gas phase. After ice particles have formed, they start to take up the excess water and grow as long as RH ice ≥ 100 % (Fig. 2 , lower panel, green stars). This additionally lowers e gas (Fig. 2 , middle panel, blue curve) and therefore increases the water vapour flux from the wall ice layers, resulting in a marked increase of the total water signal (Fig. 2 , lower panel, red curve). Therefore, the final ice crystal size and the ice water content also depend on the amount of water evaporating from the ice coated chamber walls. When pumping is stopped at 800 hPa, the gas temperature starts to increase, RH ice drops below 100 % and the ice crystals start to evaporate. The gas phase water increases due to the evaporating ice crystals and because of the still existing (but weakening) gradient from e sat ice wall to e gas . The total water remains nearly constant because the increase of water due to the water vapour flux from the wall is partly compensated by sedimentation of ice particles.
The ice water content (IWC) is directly obtained by subtracting the gas phase water vapour concentration measured by the TDL absorption from the total water concentration measured by the FISH instrument (Fig.  2 , lower panel, black diamonds). The IWC is also retrieved from the FTIR extinction spectra (Fig. 2 , lower panel, red circles). For an explanation of this method see section 2.4. The IWC peaks around the end of the pumping period and decreases before RH ice drops below 100 %. As the ice crystals are expected to grow continuously while RH ice is ≥100 %, this inappropriate decrease of the IWC must be due to sampling losses of larger ice crystals. This effect is probably only significant at higher temperatures, when the ice crystals grow to larger diameters due to more abundant water vapour. The ice particle sampling efficiency of the heated total water inlet is estimated to be 100 % for diameters up to 7 µm and decreases for larger particles. The resulting overall accuracy for the IWC derived from the FISH and TDL measurements is about 10-15 %. In the case of the homogeneous freezing experiments, the total water measurements also include the liquid water content of the solution aerosol droplets growing by water uptake due to increasing relative humidity. We estimate this liquid water fraction to range between 0.06 ppmv for the experiments around 225 K and 0.04 ppmv around 200 K, which is well below our detection limit.
The ice crystal number concentration reaches its maximum shortly after ice nucleation (Fig. 2, lower  panel, orange triangles) . Subsequently, the number concentration decreases continuously due to the ongoing pumping and ice particle sedimentation. The accuracy of ice crystal number concentration and size retrieved from the FTIR spectra is discussed in section 2.4.
All homogeneous ice nucleation experiments are performed at pumping rates (dp/dt) of about -45 hPa min −1 . During the heterogeneous ice nucleation experiments, dp/dt was about -30 hPa min −1 . Note that during all AIDA experiments the pumping rate -and not the cooling rate -is controlled. During the pumping period, a heat flux from the warmer walls to the cooler gas phase exists, which decreases the cooling rate with time of pumping. Therefore, the cooling rate at ice nucleation (dT/dt) nuc may be different for each experiment.
FTIR measurements
FTIR extinction spectra of the formed ice particles are measured in situ with a White-type multiple reflection cell yielding a horizontal optical path up to 254.3 m, 3.5 m above the bottom of the 7 m high AIDA vessel. Spectra are recorded with a Bruker IFS 66v FTIR spectrometer in the wave number range fromṽ = 800 to 6000 cm −1 at a resolution of 4 cm −1 and at a rate of 3 spectra per minute. Figure 3 (left) demonstrates the suitability of FTIR extinction measurements to study the formation and growth of ice crystals during AIDA expansion cooling experiments, considering as an example an activation with mineral dust particles as ice nuclei (initial gas temperature at the beginning of this experiment was 225 K). The series of FTIR spectra clearly reveals the successive increase of the distinctive extinction bands of ice crystals (CLAPP et al., 1995) . Note that the characteristic infrared signatures of the provided ice nuclei could be neglected.
By analysing the entire sequence of FTIR spectra, the temporal evolution of the number concentration and mean size of the ice crystals as well as the total IWC can be retrieved. Following the notation given by ARNOTT et al. (1997) , the optical depth τ( v j ) at a specific wave number v j is calculated using M the total number of wave numbers. The size binaveraged extinction cross section σ (
is calculated at M = 107 wave numbers between 6000 and 800 cm −1 for N = 135 individual size bins ranging from n(D j ) = 0.1 to 20 µm. In this section, we want to briefly compare the retrieval results based on two different approaches to calculate the extinction cross sections σ (D i ,ν j ) . First, as done in several recent laboratory studies (CLAPP et al., 1995; , we assume Mie theory to be valid to calculate the infrared extinction cross sections of ice crystals. Second, we investigate the influence of particle asphericity by applying the T-matrix code for randomly orientated ice cylinders (MISHCHENKO and TRAVIS, 1998), adopted as surrogates for hexagonal columns (LEE et al., 2003) . In this approach, we choose an aspect ratio D/L (D diameter, L length of the cylinder) of 0.7 (MITCHELL and ARNOTT, 1994) . The low-temperature optical constants of water ice from RAJARAM et al. (2001) in the near-infrared (6000-3700 cm −1 ) and CLAPP et al. (1995) in the midinfrared region (3700-800 cm −1 ) are employed in the calculations. The size distribution n(D i ) of the ice crystals is constrained to log-normally distributed particle sizes. Using the downhill simplex method (PRESS et al., 1992) , the ice crystal number density N as well as the count median diameter CMD and the mode width σ g of the log-normal size distribution are retrieved by minimising the summed squared residuals between experimental and calculated spectra. Figure 3 (right) compares a measured extinction spectrum of ice crystals, selected from the series of spectra shown on the left side, with the infrared spectra calculated from the retrieved size distributions for ice spheres and ice cylinders. As already observed by LIU et al. (1999) in similar calculations, only small deviations between the individual retrieval results occur, both calculated spectra agree nicely with the measured extinction spectrum. However, there exist subtle differences in the retrieved size distribution parameters. The retrieval based on Mie theory predicts N = 190 cm −3 , σ g = 1.22, and CMD = 5.25 m, whereas N = 149 cm −3 , σ g = 1.10, and CMD (i.e. diameter of the volume equivalent sphere) = 5.97 µm are obtained when applying the T-matrix code. The temporal evolution of retrieved ice crystal size and number concentration for the complete AIDA expansion experiment is shown on the left side of Figure 4 . Generally, the T-matrix approach predicts ice crystal number densities which are about 20 % lower than those retrieved by applying Mie theory, whereas the retrieved particle diameters are approxi- mately 10 % larger compared to the calculations assuming ice spheres.
The FTIR retrievals of ice crystal number concentrations are nicely validated by simultaneous measurements with the optical particle spectrometers PCS2000 and WELAS. The ice crystal number concentrations measured by these instruments differ by only 10 to 20 % from the FTIR values. Those of the PCS2000 reveal a tendency towards an overestimation at higher temperatures and an underestimation at lower temperatures. The values for the ice crystal number concentration and mean size presented in this paper refer to the results of the T-matrix calculation.
Finally, from the individual fit parameters N, g, and CMD as well as the density of ice (PRUPPACHER and KLETT, 1997, Eq. 3-2), the total ice water volume mixing ratio is calculated and displayed for the selected ice nucleation experiment on the right side of Figure 4 . Obviously, in the size regime of ice crystals covered by our study, the effect of particle a-sphericity on the retrieved IWC is negligible (deviations below 1 %). Therefore, the analysis of the FTIR spectra should yield an accurate value for this quantity (relying on the accuracy of the published optical constants for water ice) which can be directly compared to the IWC derived from the FISH and the TDL measurements (see Fig. 2 , lower panel).
Results and discussion
In the following two sections we present the results of the AIDA ice nucleation experiments. Sulphuric acid (SA) and ammonium sulphate (AS) solution droplets were used during homogeneous freezing experiments whereas Arizona Test Dust particles served as ice nuclei during heterogeneous freezing experiments. To compare the results of the experiments with different aerosol types, we reduce the time dependent course of each experiment to characteristic data sets at certain points of time. At the onset time of ice nucleation (t nuc ) we derive the critical ice saturation and cooling rate (RH ice nuc and (dT/dt) nuc , respectively). When the ice crystal number concentration has reached its maximum value (N ice abs ), also the corresponding mean size (d ice ) is taken for comparison. The ice water content (IWC) values refer to that time interval, when the IWC has reached its maximum value. The IWC results are discussed in section 3.1. The other microphysical parameters are shown in section 3.2.
Ice water content (IWC)
The IWC, derived from the difference between measurements of total and gas phase water (FISH-TDL) as well as from Fourier transform infrared (FTIR) extinction spectroscopy is shown in Table 1 and Figure 5 , upper panel. In general, there is good agreement between the two methods for measuring the IWC, not only concerning the maximum values, but also during the dynamical growth and evaporation of the ice crystals (Fig. 2 The maximum IWC increases with increasing temperature, since there is more water vapour available for crystal growth at higher temperature. This increase was nicely reproduced by both methods (see Fig. 5 and Table 1). The differences in the IWC at comparable temperatures may be due to different ice particle total number and surface area concentrations, or habits of the ice crystals. The larger the number of ice nuclei and the higher the ice particle surface area concentration (i.e. the higher the ice nucleation efficiency), the faster is the water vapour depletion of the gas phase and the earlier RH ice decreases below 100 %, terminating the water vapour flux to the ice phase. This mechanism could have additionally lowered the IWC for the experiments with mineral dust aerosol (see also next section). Process models may be applied in future studies to further investigate the ice crystal growth during AIDA experiments.
Microphysics
The parameters important to characterise the formation and life cycle of ice clouds, namely the freezing onset relative humidity with respect to ice RH ice nuc , the cooling rate (dT/dt) nuc , the temperature T nuc , the pressure p nuc , the total initial aerosol number concentration N ptcl , the fraction of particles acting as ice nuclei N ice rel , as well as the maximum ice crystal number concentration N ice abs and respective mean size d ice of the ice crystals are listed in Table 2 for all experiments.
Freezing onset relative humidity (RH ice nuc )
Analysing the values of RH ice nuc for the homogeneous freezing experiments with SA and AS aerosol, it is obvious that the AS particles froze at a lower RH ice nuc (120-127 %) than the supercooled SA solution droplets (144-166 %) . The values of RH ice nuc for SA aerosol are in very good agreement with the parameterisation of the homogeneous nucleation rate given by KOOP et al. (2000) , which was also found recently from another set of SA AIDA experiments (MÖHLER et al., 2003) .
The lower values of RH ice nuc for AS aerosol obviously do not agree with the parameterisation of KOOP et al. (2000) , who stated that the nucleation rates of solution droplets, at the same temperature and water activity of the solute, should be independent of the nature of the solute. That means, SA and AS particles should have the same RH ice nuc as long as the particles are in thermodynamic equilibrium and approximately have the same size (which is the case in our experiments). CZICZO and ABBATT (1999) also measured homogeneous freezing thresholds of AS aerosol lower than predicted for the homogeneous ice nucleation. For the experiments discussed here, the analysis of FTIR spectra reveals that the AS particles consisted mainly of the liquid phase. However, as also pointed out in detail in section 2.2, we can not completely exclude from the FTIR spectra the existence of an externally mixed aerosol containing small Table 2 : Parameters of AIDA ice nucleation experiments with different aerosol types (SA = sulphuric acid; AS = ammonium sulphate; ATD = Arizona Test Dust), partly at the moment of ice nucleation t nuc : T nuc = gas temperature; p nuc = total pressure; dT/dt nuc = cooling rate; w nuc = corresponding updraft velocities; RH ice nuc = ice saturation; N ice rel = fraction of particles acting as ice nuclei; N ice abs = maximum ice crystal number concentration with corresponding count median diameter (d ice ); N ptcl = total initial aerosol number concentration 
_______________________________________________________ ______________________________
amounts of crystalline (NH 4 ) 2 SO 4 . Therefore, the lower values of RH ice nuc may also be explained by heterogeneous effects. Additionally, one ice nucleation experiment was performed with crystalline AS added to the AIDA chamber at 224 K (corresponding FTIR-spectrum shown in Fig. 1) . First results indicate, that ice crystals already occurred at a RH ice slightly above 100 %. So, if there were some externally mixed crystalline AS particles present in the experiments discussed above, we should have observed the first ice crystals shortly after RH ice exceeded 100 %. Additionally, the formation of AS particles by in situ neutralisation of supercooled SA droplets with ammonia clearly above the efflorescence humidity supports the assumption that the AS particles have been fully deliquesced during our experiments. The Arizona Test Dust particles were found to be even more efficient ice nuclei than the AS particles discussed above. They froze heterogeneously at very low values of RH ice nuc (102-105 %) . This is significantly below the homogeneous freezing thresholds and also lower than RH ice nuc measured for soot particles (MÖHLER et al., 2005, this issue) . The ice crystals were formed by deposition nucleation on the surface of the dry mineral dust particles.
Number concentration and mean size of ice crystals (N ice abs , d ice )
The maximum number concentration and corresponding mean size of ice crystals measured during the homogeneous and heterogeneous AIDA freezing experiments are shown in Figure 5 , middle panel, red and blue symbols, respectively. Homogeneous freezing: N ice abs (Fig. 5 , middle panel, red circles and diamonds) increases with decreasing temperature for both SA and AS aerosol. The ice crystal sizes are much smaller at lower temperatures (Fig. 5 , middle panel, blue circles and diamonds) which is due to the larger ice crystal number concentration and the lower IWC (see above). The ice crystal number concentrations agree well with the parameterisation of cirrus cloud formation by homogeneous freezing developed by KÄRCHER and LOHMANN (2002a) , based on the homogeneous freezing parameterisation of KOOP et al. (2000) . Accordingly, the number concentration of ice crystals is rather insensitive to the aerosol size distribution, but increases with decreasing temperature and increasing updraft velocity (i.e. higher cooling rates) which is confirmed by detailed process modelling studies. Based on these simulations, KÄRCHER and LOHMANN (2002a,b) propose only a weak indirect aerosol effect on cirrus cloud properties. The AIDA ice crystal number concentrations support this finding, especially with regard to the high and varying initial aerosol concentrations at the AIDA experiments. However, an increased occurrence of cirrus clouds due to the lower freezing thresholds may be observed when increasing the fraction of AS particles in the atmosphere.
In our SA experiments, the cooling rates at ice nucleation (dT/dt) nuc ranged from -1.6 to -2.4 K min −1 (see Table 2 ) which correspond to adiabatic cooling rates at updraft velocities of about 2.7 to 4.1 m s −1 . At an updraft velocity of 4 m s −1 , the cirrus parameterisation predicts ice crystal number concentrations of about 400 and 60 cm −3 at freezing temperatures of 196.4 and 216 K, respectively (see Fig. 3 in KÄRCHER and LOHMANN, 2002a) . The measured ice crystal number concentrations are 230 and 51 cm −3 at freezing temperatures of 195.5 and 219.6 K, respectively (see Table 2 ).
During the AS experiments, the ice nucleation occurred earlier and therefore at somewhat higher cooling rates (dT/dt) nuc between -2.4 and -3.0 K min −1 . These values correspond to updraft velocities between 4.1 and 5.1 m s −1 . At an updraft velocity of 5 m s −1 , the cirrus parameterisation predicts ice crystal number concentrations of about 600 and 80 cm −3 at freezing temperatures of 196.4 and 216 K, respectively. Therefore, the higher ice crystal number concentrations of 520 and 70 cm −3 measured for AS compared to SA aerosol may mainly be explained by the higher cooling rates (dT/dt) nuc . As N ptcl is lower for the AS than for the SA aerosol at comparable temperatures, the relative ice crystal number N ice rel is higher for AS than for SA aerosol. The good agreement of the AIDA results compared to the parameterisation of KÄRCHER and LOHMANN (2002a) again gives evidence that ice was nucleated by homogeneous freezing of our AS particles rather than by heterogeneous ice nucleation. As will be discussed below, heterogeneous ice nucleation may produce at least much higher fractions of ice crystals with respect to the total aerosol concentration.
It should be mentioned that the experiments discussed here have been made at relatively high cooling rates (i.e. high corresponding vertical velocities) where the detailed process modelling gives somewhat higher ice crystal number concentrations than the cirrus parameterisation of KÄRCHER and LOHMANN (2002a) and where the ice crystal number concentration gets more dependent on the aerosol size distribution. Therefore, additional process studies using the measured AS and SA size distributions would be helpful to further prove the reliability of the cirrus parameterisation at high updraft velocities.
Heterogeneous freezing: Arizona Test Dust (ATD) particles were not only more efficient ice nuclei with respect to RH ice nuc compared to SA and AS solution droplets (see section 3.2.1), but also with respect to the fraction of N ice rel of aerosol particles nucleating ice. N ice rel (Fig. 5, lower panel, red triangles) was about one order of magnitude higher, even at lower values of (dT/dt) nuc , compared to the AS and SA experiments. In contrast to homogeneous freezing, there is no clear dependency of N ice abs on temperature (Fig.  5 , middle panel, red triangles). Note, however, that at the lower temperature N ice abs was limited by the total aerosol number concentration N ptcl . At the higher temperatures, N ice abs was markedly higher than for SA and AS aerosol. The higher ice crystal number concentrations indicate that there is, at least for ATD particles, a much stronger dependency of the deposition nucleation rate on the relative humidity compared to the homogeneous freezing mechanism. In other words, certain minerals may nucleate ice in a very narrow band of relative humidity. This would imply that, in the atmosphere, the number of ice crystals formed on mineral dust particles is almost independent of the temperature or cooling rate and mainly limited by the number concentration of the mineral particles.
Altogether, mineral dust particles seem to be very efficient ice nuclei and therefore may have a significant effect on the number concentration, size, and habit of ice crystals. Thus the upper tropospheric aerosol may indirectly affect the climate by changing the radiative properties of cirrus clouds. A strong indirect aerosol effect is already found by KÄRCHER and LOHMANN (2003) at intermediate updraft velocities (i.e. cooling rates) when adding immersion freezing of heterogeneous ice nuclei to their microphysical model of homogeneous freezing (KÄRCHER and LOHMANN, 2002a,b) .
Summary
During dynamic expansion ice nucleation experiments, started at temperatures between 224 and 196 K in the aerosol chamber AIDA, ice clouds were formed by ice nucleation processes of sulphuric acid (SA), ammonium sulphate (AS), and mineral dust (Arizona Test Dust, ATD) aerosol. The formation and properties of the ice clouds were comprehensively analysed with respect to the ice water content (IWC), the freezing onset relative humidity with respect to ice (RH ice nuc ), as well as the maximum number concentration of ice crystals (N ice abs ) and their corresponding mean size (d ice ). The number concentration and mean size of the ice crystals as well as the IWC were retrieved from Fourier transform infrared (FTIR) extinction spectroscopy. The IWC was also directly obtained from the difference of independent total and gas phase water measurements.
(i) Ice water content: There is very good agreement between the IWC data derived from the difference between measurements of total water and interstitial water vapour, and those retrieved from the FTIR spectra. Lower IWC at lower temperatures mainly reflects the decreasing ice saturation pressure with decreasing temperature. Slight differences between the different aerosol types at the same temperature could qualitatively be explained by different ice surface area concentrations or different amounts of water evaporating from the ice coated chamber walls during the experiments.
(ii) Homogeneous freezing experiments: For SA aerosol, the RH ice nuc values between 144 and 166 % measured at temperatures between 220 and 196 K agree very well with previous AIDA results (MÖHLER et al., 2003) . For AS particles, significantly lower values of RH ice nuc between 120 and 127 % were measured in the same temperature range, thus confirming the results of CZICZO and ABBATT (1999) . Because the FTIR analysis reveals that the AS particles consisted mainly of the liquid phase, this seems to contradict the activity based parameterisation for homogeneous freezing of solutions (KOOP et al., 2000) . The formation of AS particles by in situ neutralisation of supercooled SA droplets with ammonia clearly above the efflorescence relative humidity supports the assumption that the AS particles have been fully deliquesced during our experiments. However, we can not completely exclude from the FTIR analysis the existence of a minor volume fraction of solid crystals inside the AS particles. The number concentration of ice crystals formed during the SA and AS experiments agree well with the parameterisation developed by KÄRCHER and LOHMANN (2002a,b) for the formation of ice crystals in cirrus clouds by homogeneous freezing. The higher ice crystal number concentrations at the AS experiments can be explained by the higher cooling rates at the onset of freezing.
(iii) Heterogeneous freezing experiments: Arizona Test Dust mineral particles nucleated ice by deposition freezing at relative humidities only slightly above ice saturation, clearly below the freezing thresholds for the homogeneous freezing mechanism and the heterogeneous ice nucleation of soot particles (MÖHLER et al., 2005 , this issue). The mineral dust particles have also been most efficient with respect to the ice crystal num-ber concentration and the fraction of particles nucleating ice at comparable temperatures. This gives evidence that there may be a much stronger dependency of the nucleation rate on the relative humidity for the deposition ice nucleation on mineral particles compared to the homogeneous freezing mechanism. This could have important implications for the parameterisation of heterogeneous ice nucleation processes in atmospheric models.
Further process modelling and AIDA ice nucleation studies are planned to elucidate the relationship between the formation, life cycle, and climatologically relevant optical properties of cirrus clouds with basic aerosol properties and microphysical processes.
